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Abstract 
The transition towards a 100 % fossil-free energy system, while achieving extreme penetration levels of 
intermittent wind and solar power in electricity generation, requires demand-side technologies that are smart 
(intermittency-friendly) and efficient. 
The integration of Smart Grid enabling technologies has been widely acknowledged by the industry and 
academia as the key to achieve a more reliable, efficient and secure grid. However, there is a lack of information 
about real flexibility with an active participation from customers. In this paper, we combine techno-economical 
modelling results with an empirical study in order to achieve a number of recommendations with respect to 
technology concepts and control strategies that would allow residential vapor-compression heat pumps to support 
large-scale integration of intermittent renewables. 
The analysis is based on data gathered over a period of up to 3 years for 283 residential heat pumps 
installed and operating in Denmark. The results are used to assess the flexibility of domestic heat pumps and their 
ability to follow production. 
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1. Introduction  
The security of electricity supply with large integration of RES (renewable energy sources) depends on 
maintaining a balance between generation and load, i.e. maintaining the nominal operation frequency. 
Today this is mostly controlled by adjusting the output of generators and, to some extent, curtailment of 
RES during peak periods. This causes, in most cases, RES to be replaced by carbonized electricity. 
Various techno-economic studies suggest two alternatives of managing this balance with higher shares of 
RES, either by grid reinforcement (improving grid transmission capacity) or demand-side management 
(DSM), where DSM methods have shown to be more cost effective [1, 2]. 
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DSM methods are characterized by an electrification of the building and transport sectors operated 
according to the maintenance of supply and ensuring the end-users comfort and needs. In this way, these 
sectors shift away from low energy efficient and fossil fuel dependent technologies towards electricity 
driven technologies based on RES. 
Nevertheless, there is limited knowledge amongst power system stakeholders to assess the potential of 
these technologies for RES integration in real-life environments. These new technologies are a new power 
system resource, with the unique characteristic of needing to be charged with electricity rather than 
operating on a conventional fuel, and they have a faster and more diverse performance relative to other 
technologies [1]. This paper addresses this issue by giving insight into heat pumps (HPs) potential as a 
new power system resource.  
It presents and analyses real-life environment data of a group of HPs and compares it with wind 
availability during the year of 2012. On a daily and hourly basis, this analysis explores the potential that 
HPs represent to integrate wind power and ability to shift consumption in time, here named flexibility.  
2. Materials and Methodology 
2.1. SDVP project: Data collection and test setup 
The data used for this study arises from a unique project, “Styr din varmepumpe”. This project was 
established to investigate the electricity consumption and energy efficiency of HPs for residential heat 
(which in this paper refers to both space heating - SH - and domestic hot water –DHW - production) via a 
common IT platform. The operation control of the heat pumps during the first-phase of the project was 
standard thermal driven, ensuring that the indoor temperature was maintained at the house residents 
desired comfort level.  
To measure fluid flows, forward and return temperature of SH and DHW and HP power consumption, 
the installations are equipped with 2 flow meters, 7 temperature sensors and 1 power meter. The 
temperature sensors are PT1000-type sensors with four-wire connection and an accuracy class of 1/10 
DIN, resulting in a tolerance of ±0.08˚C in the measurement range (35-60˚C). The flow meters are vortex 
shedding with a tolerance of ± 4 % at average flow rates between 5 and 12 l/ min. All data was recorded 
on a 1 min basis and stored in a database. 
Furthermore, to consider flexibility of HPs in combination with thermal energy storage (TES), several 
aspects have to be taken into account. Residential HPs configuration can vary, which alters their 
performance. For example, the heat source and the distribution system, whether it is air source or ground 
source and the heat distribution system by which the SH is delivered, radiators or/and floor heating, lead 
to different operation temperatures which are directly related to energy efficiency and flexibility potential 
[2]. In addition, the heat pump capacity and heat demand of the building, as well as the TES capacity are 
also relevant. Cold days will require more heat than warmer days, thus less flexibility is expected. 
Therefore, relevant descriptive characteristics of HP system were also considered.  
The wind data was collected at the Danish transmission system operator (TSO) website [3]. 
 
2.2. Wind friendliness indicator, ܹܨ 
 
This study was specifically designed to investigate the HP system ability to absorb wind power during 
a time period. To indicate this potential the wind friendliness indicator, WF, was created: 
 
ࢃࡲ ൌ ࡼ࢝ െ ࡼࡴࡼ  (1) 
 Carolina Carmo et al. /  Energy Procedia  61 ( 2014 )  1695 – 1698 1697
The ࡼ࢝ is defined as the normalized wind power production in relation to the max. hour of wind 
production in 2012 and ࡼࡴࡼ  is the normalized heat pump power consumption in relation to the 
max.hourly consumption ensuring a system coefficient of performance, sCOP, higher than 1. The 
indicator ranges from -1 to 1. Negative WF values will mean no wind availability, i.e. the HP cannot 
absorb wind power in that period and should shift its power consumption towards periods of positive 
values. Thus, negative values indicate when flexibility is required and positive when it is available.  
Moreover, the same indicator can be used to determine the amount of flexibility needed in terms of 
time as well as to predict the potential of different storage capacities to increase WF. The duration of 
consecutive positive/negative WF values represents the duration of wind power excess/demand in 
comparison with HP power consumption, i.e. indicates the amount of flexibility needed in terms of time. 
The frequency of each amount of flexibility in a year can be used to predict the potential of different 
storage capacities to improve wind power integration. Storage solutions that will provide amounts of 
flexibility similar to the ones with higher frequency will enable HP systems to follow wind power 
availability better i.e. increase the wind share in residential power consumption. 
 
2.3. Configurations 
 
In order to assess improvement of the ability to integrate RES in the residential energy consumption, 
the population was divided in 2 main groups, related to the heat source: Air-to-Water (A/W) and Water-to-
Water (W/W), each divided in 3 sub-groups related to the heat distribution system: Radiators, Floor 
heating and both, here referred as Combi. The installations studied have a heat capacity of 9 kW and an 
average total heat demand (20000-30000 kWh/year). The tank capacity of the installations studied varied 
from 60 to 300 L. These cases were deliberately selected with expectation that they would represent 
correctly the whole HP residential configurations with respect to their different sCOP and flexibility 
potential (see 1). 
3. Results and discussion 
Different results of efficiency and flexibility are obtained for the observed values of “non-smart” HP 
operation for RES integration during 2012 in Denmark.  Comparing the daily national wind power 
production with the daily HP power consumption, the average wind friendliness of the whole HP 
population for the year of 2012 was negative (-0.13). This shows that to achieve balance matching HP 
consumption with wind availability on a daily basis is difficult. Instant WF daily values show that the 
way the system operated in 2012, daily HP consumption did not follow wind power production and that 
in daily average the HP power demand was higher that the wind availability.  
From there, a second analysis was done on an hourly basis. Here the wind friendliness coefficient for 
the whole population of installations was 0.16. This reflects that in an hourly basis if DSM methods are 
implemented HPs could support the balance an electricity system with high share of wind power. To 
further understand how much the implementation of such methods will affect the energy efficiency, RES 
integration potential of the HPs and the comfort of users the population was divided in groups following 
the criteria in paragraph 2.3. Results are summed up in Table 1. 
In the first row of Table 1, it is shown that the average energy efficiency,തതതതതതത in 2012 varies by 
group. The തതതതതതത of W/W installations is 5% higher than A/W. Furthermore, it is shown that the തതതതതതത of 
the latter is affected by the climate in a larger extent than W/W systems are.  തതതതതതത improves 24-47% from 
May to September, inclusive (average outdoor temp. of 13˚C) for A/W systems and only 11-13% in W/W 
systems.  Therefore, it indicates that in different climates A/W can perform better than W/W to increase 
the share of wind power. 
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 Yet, the percentage of hours with negative WF values and the average absolute values, in the second 
and third rows of Table 1, fluctuate. This combined with results from forth row, show that methods to 
improve sCOP at times when flexibility is requested could be implemented to increase the share of RES 
in the electrical system. The success of these methods is especially relevant in colder periods, as in 
warmer period (May to September), values in brackets in the table, the relative number of negative WF 
values is smaller (5-15.2%) than in colder (17.7-34.1%).  
In the fourth row of table 1, the possibility of decreasing HP consumption in non-occupied (N-O) 
periods (when the house is empty) was studied. It is seen that 43.6 to 48.7% of the negative WF occurred 
during non-occupied periods (8-19h). In these periods, DSM methods could take advantage to decrease 
the HP consumption, and in the remaining periods TES should support the flexibility potential of HP 
systems. In this regard it can be seen that HP systems benefit from larger TES capacity. HP systems with 
floor heating or combined systems perform better, in terms of energy efficiency and flexibility potential 
than systems with only radiators.   
Table 1. HP configurations results sum-up 
 A/W W/W 
Radiators Floor heat. Combi Radiators Floor heat. Combi 
തതതതതതതത(May-Sept) 2 (+47%) 2.7 (+24%) 3.5 (+45%) 2.1 (+15%) 4.5 (+11%) 2.7 (+13%) 
	 ൏ Ͳ (May-Sept)[%] 21.8(5.2) 18(8.8) 27.5(7) 34.1(15.2) 17.7(5) 23.4(9.2) 
ȁܹܨതതതതതȁ (May – Sept) 0.13(0.05) 0.11(0.07) 0.12(0.07) 0.17(0.08) 0.11(0.04) 0.11(0.04) 
	<0 N-O(May-Sept) [%] 44.7(43.4)  43.6(38) 48.5(43.7) 46(42) 46.5(41.7) 48.7(45.5) 
4. Conclusions 
The electrification of the residential and transport sector for a fossil-fuel-free future will result in more 
frequent and higher peak power to be handled by the grid. In this paper DSM methods in HPs are 
assessed. Data of electricity consumption patterns of single-family house HPs in Denmark is compared 
with wind power production. Furthermore, to indicate its potential for wind integration the wind 
friendliness indicator is introduced and sCOP values are taken into account. 
Results show that in general HP electricity consumption has potential to follow wind power 
availability in hourly basis and future electricity security of supply could benefit from DSM. HP 
characteristics like heat capacity, heat source, distribution system and TES capacity will affect the success 
of DSM implementation. In a Danish scenario, W/W with floor heating installations represent higher 
sCOP (4.5) and lower WF(0.11), thus, higher potential for DSM control.  
Additionally, if controlled in an intelligent way, HPs combined with TES might only offer little 
flexibility to the grid, before house residents will experience a reduction in comfort. Even though, part of 
the HP consumption could be reduced in grid peak periods and augmented in off-peak it could only be 
shifted to match RES availability if TES flexibility is improved.  
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